We investigated the influence of implicit learning on cognitive control. In a sequential Stroop task, participants implicitly learned a sequence placed on the color of the Stroop words. In Experiment 1, Stroop conflict was lower in sequenced than in random trials (learning-improved control). However, as these results were derived from an interaction between learning and conflict, they could also be explained by improved implicit learning (difference between random and sequenced trials), under incongruent compared with congruent trials (control-improved learning). Therefore, we further unraveled the direction of the interaction in 2 additional experiments. In Experiment 2, participants who learned the color sequence were no better at resolving conflict than participants who did not undergo sequence training. This shows that implicit knowledge does not directly reduce conflict (no learning-improved control). In Experiment 3, the amount of conflict did not directly improve learning either (no control-improved learning). However, conflict had a significant impact on the expression of implicit learning, as most knowledge was expressed under the highest amount of conflict. Thus, task-optimization was accomplished by an increased reliance on implicit sequence knowledge under high conflict. These findings demonstrate that implicit learning processes can be flexibly recruited to support cognitive control functions.
By monitoring and regulating our ongoing actions, we are able to flexibly adapt our behavior to a wide variety of environmental demands. This ability is generally referred to as cognitive control. When you accidently drop your backpack in a crevice, cognitive control functions allow you to withhold your habitual grasping response and display more adaptive behavior, like moving away from the crevice. In a laboratory setting, conflict tasks (e.g., Stroop, Simon, and Eriksen flanker) are typically used to investigate cognitive control. In the Stroop task, for example, participants are instructed to name the relevant color in which a color word is printed and ignore its irrelevant meaning. Because of the dominant tendency to read the word, responses to incongruent trials, in which word color and meaning are in conflict (e.g., "GREEN" in red), are slowed down compared with congruent trials (e.g., "RED" in red). This slowed response, the Stroop effect, illustrates that the process of monitoring conflict and suppressing inappropriate behavior is a process that proceeds slowly and consumes a large amount of cognitive resources. For this reason, cognitive control functions are generally viewed as the opposite of automatic processes that proceed fast and effortless (e.g., Norman & Shallice, 1986; Posner & Snyder, 1975; Shiffrin & Schneider, 1977) .
However, in contrast to conventional dichotomic views, evidence is mounting that automatic processes might actually be functional in achieving cognitive control (Hommel, 2007) . For example, subliminal priming studies suggest that events that are processed automatically and even below the consciousness threshold can trigger higher level cognitive control functions, such as inhibitory control (e.g., van Gaal, Ridderinkhof, Fahrenfort, Scholte, & Lamme, 2008) and task-switching (Lau & Passingham, 2007) . Other evidence indicates that the acquisition of particular color-word associations in the Stroop task does not require awareness of these contingencies (e.g., Musen & Squire, 1993; Schmidt, Crump, Cheesman, & Besner, 2007) . Studies like these shed a new light on the nature of cognitive control functions, by suggesting that they can be supported by fast and effortless automatic processes that occur in the absence of conscious monitoring. In the current study, we further explored this issue, by investigating whether implicit learning can contribute to cognitive control.
Cognitive control in conflict tasks is usually explained by conflict-triggered adaptive mechanisms that increase the efficiency of task-relevant information processing. In the Stroop task, for example, conflict between competing color and word representations is proposed to bias color processing and to reduce word processing (e.g., Botvinick, Braver, Barch, Carter, & Cohen, 2001) . It is assumed that prioritized information processing is based on the amount of activation of information: Task-relevant information is generally more activate than taskirrelevant information. At the neurological level, this process might be explained by amplified cortical responses (e.g., Egner & Hirsh, 2005) or improved binding (e.g., Verguts & Notebaert, 2009 ) of activated representations. If increased activation indeed guides cognitive control, this leaves open the possibility that information that is activated under conflict during automatic processes can also trigger cognitive control functions (subliminal priming studies suggest that unconsciously perceived stimuli just exceed the activation threshold to trigger control; but see Kouider & Dupoux, 2004 ). In the current study, we elaborated on this issue by investigating whether information that is activated under conflict during implicit learning can contribute to cognitive control, more particularly to conflict resolution.
Implicit learning is commonly referred to as our "default" learning system: a fast and effortless associative learning mode that enables us to extract structural regularity from the environment without intention, conscious monitoring, and sometimes even awareness of the learning content/process (for reviews see, e.g., Cleeremans, Destrebecqz, & Boyer, 1998; Frensch & Rü nger, 2003) . A typical example of implicit learning is the acquisition of language, in which we learn that particular successions of speech sounds occur more frequently than others (e.g., Saffran, Aslin, & Newport, 1996) . Thus, implicit learning allows us to unintentionally and effortlessly learn which events to prioritize. Based on their task-relevance (e.g., van den Bos & Poletiek, 2010), we learn to predict upcoming events based on previous events, so that, eventually, events become automatically preactivated before their actual presentation. This makes implicit learning an ideal candidate to guide activation of task-relevant information, which in the context of conflict, can support cognitive control.
This hypothesis was more closely examined in the present study, in which we adopted a variant of the sequence learning paradigm (Nissen & Bullemer, 1987 ). The sequence learning task is a choice reaction-time task in which, unknown to participants, the order of stimuli is determined by sequential regularity. Typically, reaction times (RTs) decrease over training (training effect) and increase when the regularity is replaced by a random order (sequencespecific learning effect). Although no task can be considered process-pure (e.g., Destrebecqz & Cleeremans, 2001 ), sequence learning is called implicit because sequence knowledge (a) is acquired in the absence of explicit learning instructions and (b) can also be observed in participants who perform badly on postexperimental assessments of sequence awareness, such as verbal report, generation, and recognition tasks. In the current article, we agree with this account and refer to learning that occurs incidentally (thus, without explicit instructions or explicit reference to the learning content/process) as implicit learning. If implicit sequence learning is accompanied by explicit retrieval of the learning content, hence, if participants develop conscious awareness of the sequence, we refer to this as awareness.
Previous studies provide preliminary evidence that sequence learning processes can improve conflict resolution, at least when learning is explicit. For instance, Koch (2007) and Tubau and López-Moliner (2004) reported that explicit learning (explicit acquisition and/or retrieval) reduces Simon-like conflict. In Koch's study (Experiments 2 and 3), participants had to respond to the identity of a letter (A, B, C, or D) appearing in one of four horizontal irrelevant locations using left-to-right response keys. Likewise, Tubau and López-Moliner (2004) let participants react to the identity of the letters L and R presented at an irrelevant left or right location with left and right response keys. RTs in incongruent trials (e.g., letter A with corresponding outmost left response appearing at the incongruent Location 2, 3, or 4) were higher than in congruent trials (e.g., letter A with corresponding outmost left response appearing at the congruent Location 1), which indicates that a Simon-like conflict was induced by the task. Interestingly, in both studies, the difference between incongruent and congruent trials was smaller when the letters followed a deterministic sequence than when the letters changed randomly. In both studies, however, these effects proved to be restricted to learners who possessed explicit awareness of the letter sequence. In unaware learners, the effects were completely absent. Koch and Tubau and López-Moliner proposed that the formation of preplanned response sequences, called "chunks" by Koch and "motor programs" by Tubau and López-Moliner, enabled explicit learners to shield against the conflicting information. Thus, effects of conflict reduction have been found in sequence learning, but only when learning was explicit.
In contrast to these studies, there is proof of a reverse relation between sequence learning and cognitive control. Instead of enhanced cognitive control by learning, sequence learning itself is found to be enhanced by cognitive control. For instance, in the study of Deroost and Soetens (2006) , participants had to respond to one of four positions of the stimulus, which, unknown to them, followed a probabilistic sequence. The authors observed that when the sequence was dropped, performance was hampered more in participants who were trained with an incompatible stimulusresponse (S-R) mapping than in participants who were trained with a compatible S-R mapping (see also Koch, 2007 , Experiment 1 for a replication of these findings). In other words, the amount of sequence learning, or the difference between sequenced and random stimuli, was greater when more cognitive control had to be applied. Deroost and Soetens suggested that a task requiring controlled processing forces the cognitive system to look for more efficient means to maintain performance, like maximally exploiting implicit sequence knowledge.
In sum, two questions remain. One, it is currently unknown whether implicit sequence learning, like explicit sequence learning, can enhance cognitive control (henceforth referred to as learning-improved control). Moreover, there are indications that the relationship between implicit sequence learning and control is opposite and that cognitive control enhances implicit sequence learning (henceforth referred to as control-improved learning). Yet to determine whether implicit learning can truly contribute to cognitive control, more insight is required into the exact nature of the relationship between implicit learning and cognitive control. This was the aim of the current study, in which we rigorously determined the influence of implicit learning on conflict resolution. For this purpose, we developed a sequential version of the Stroop task, in which participants were instructed to name the color of color words while ignoring the meaning of words. Crucially, the color of the words was not randomly generated, as in the normal Stroop task, but, rather, was determined by a probabilistic sequence of which participants were left uninformed. This enabled us to determine whether participants who implicitly acquired sequence knowledge of the word color, and thus implicitly learned to predict the color of an upcoming trial based on a previously presented color, would truly become better in overcoming conflict. If so, this would add support to the hypothesis that automatic processes, like implicit learning, can contribute to cognitive control.
Experiment 1 Introduction
In Experiment 1, we assessed whether implicit color prediction would reduce Stroop conflict. If implicit learning processes can exert an enhancing effect on cognitive control, we expect a decrease of Stroop conflict over training when the colors follow a sequential regularity. Moreover, we expect conflict to increase when the sequenced colors are replaced with random colors. After the experiment, we assessed to what extent the obtained effects were dependent on sequence awareness.
Method

Participants.
Twenty-one participants (18 women, three men) completed the experiment in return for course credit. Their mean age was 18.2 years (SD ϭ 0.54). All participants had normal vision and were not color blind. None of them participated in previous sequence learning experiments. This was the case for all experiments.
Procedure, stimuli, and apparatus. Sequential Stroop task. Participants completed the sequential Stroop task on Pentium 4 personal computers with 17-in. (43.18-cm) screens in semidarkened cubicles. E-prime software (Version 2.0; Schneider, Eschman, & Zuccolotto, 2002) was used for stimulus presentation and data collection. A trial started with the presentation of a color word ("rood," "groen," "blauw," or "geel"; the Dutch words for "red," "green," "blue," and "yellow," respectively) in the center of the screen. Words were depicted in Courier New 18-point font, and individual letters measured 6 ϫ 6 mm (or 0.57°visual angle with a viewing distance of approximately 50 cm), separated by 1 mm. The color words were printed in either red, green, blue, or yellow. Participants were instructed to react as fast and as accurately as possible to the color of the word and to ignore its meaning. A 4-stimulus-to-2-response (4S-to-2R) mapping was used, so that four colors were mapped onto two response keys. More precisely, participants had to press the C key with the left index finger for a red and green word and the N key with the right index finger for a blue and yellow word. The color word was presented until a response was given within the allowed response window of 3,000 ms. In case of an incorrect response, the word "Error" was presented for 750 ms. No error corrections were possible. The next trial started after a response-stimulus interval of 200 ms. Participants first completed a practice block of 50 trials, followed by 12 experimental blocks of 100 trials. Feedback on error rates and RTs was given after each block. A resting period of 30 s was introduced before the start of the next block.
Sequence structure. During practice, both color and meaning varied randomly. Unbeknownst to participants, however, the color of the words was sequenced in all experimental blocks, except for random Blocks 10 and 11. Sequential regularity was determined by a probabilistic sequence that was generated on the basis of the artificial grammar depicted in Figure 1 .
The probabilistic sequence placed restrictions on first-order transitions of colors: Each color could be followed by only two out of four possible colors (e.g., red was followed by red or yellow but never by green or blue). The probability of first-order transitions was 50% (e.g., red was followed in 50% of the trials by red and in 50% of the trials by yellow). The irrelevant meaning of the color word was randomly determined, with the restriction that in 75% of the trials, color and meaning of the word were incongruent, whereas in the remaining 25% of the trials, color and meaning were congruent. Congruent and incongruent trials were distributed randomly across the sequence and were thus uncorrelated with sequential regularities.
Each color was followed by a response repetition trial in 50% of the trials and a response alternation trial in the remaining 50% of the trials (e.g., in 50% of the trials, red was followed by green, a response repetition trial; in 50% of the trials red was followed by yellow, a response alternation trial). Important to note is that the probabilistic color sequence, together with the 4S-to-2R mapping, produced a random order of responses. Thus, left and right responses, response repetitions, and alternations were generated in such as way that the sequence of corresponding responses was entirely unpredictable (see also Soetens, Melis, & Notebaert, 2004 , for a similar procedure). Consequently, learning could not rely on pure response-based associations but only on stimulus-based (color), stimulus-response-based (color-response), or responsestimulus-based (response-color) associations (for a review of this issue, see Abrahamse, Jiménez, Verwey, & Clegg, 2010) . Ruling out learning that could purely be based on response representations was done to prevent that participants' would no longer process the perceptual information incorporated in the Stroop task, which would make our conflict manipulation ineffective.
To determine sequence learning, the color sequence was replaced with a random sequence in Blocks 10 and 11. In random blocks, all color transitions were allowed, with the restrictions that (a) color alternatives appeared equally often in random and sequenced blocks, and (b) the amount of color repetitions and alternations was the same for random and sequenced blocks.
Recognition task. After the sequential Stroop experiment, we determined to what extent the obtained learning effects were dependent on sequence awareness, hence explicit retrieval of the learning content. To meet the information and sensitivity criteria of Figure 1 . Probabilistic sequence structure imposed on the color of the words. The letters refer to the four color alternatives (r ϭ red, g ϭ green, b ϭ blue and y ϭ yellow). The arrows indicate permitted first-order transitions. Shanks and St. John (1994) , we used an awareness test that assessed participants' explicit knowledge of the statistical properties of the sequence. As shown in many studies, sequence knowledge is mainly represented as statistical knowledge that is derived from the structural properties of the sequence (see, e.g., Jiménez, 2008; Perruchet & Pacton, 2006; Reed & Johnson, 1994; Remillard & Clark, 2001 ). In the current study, statistical knowledge was incorporated in the first-order color transitions, so the awareness test assessed conscious knowledge of these statistical dependencies. This was done by means of a recognition test, as the test had to be sensitive to conscious sequence knowledge that is independent from pure response-based knowledge (like is tapped in generation tasks or process-dissociation-like-procedures).
In the recognition test, participants were presented with successive pairs of colors (red, green, blue, or yellow). They were informed that, unlike the experiment they just carried out, colors would always be placed on the neutral word "woord" ("word" in Dutch) . Each color of the color pair was presented for 1,200 ms, with an interstimulus interval of 200 ms. Participants were instructed to ignore the meaning of the word and, after each color pair, to indicate whether the succession of colors was recognized as predominant in the experiment they previously completed, by pressing 1 on the numerical keyboard in case of a recognized transition and 2 in case of an unrecognized transition. There was no time limit put on the response time. After responding, they received a message that their response was registered, followed by a blank of 200 ms. No feedback was given about judgment accuracy. In total, participants judged all 16 possible first-order transitions, of which eight belonged to the probabilistic sequence structure and eight did not.
Results
Sequential Stroop task.
To determine implicit learning of the color sequence, we used two different learning indices. First, we determined whether participants' performance would improve over training (training effect). Training effects provide information about the general level of performance but also include sequencespecific learning effects and therefore offer a preliminary indication for sequence learning. The second and crucial test, however, is the omission of the color sequence in the random blocks. If participants have acquired sequence-specific knowledge, their performance should decline when random blocks are introduced (sequence-specific learning effect).
Importantly, if conflict truly decreases with implicit learning, as predicted, we should observe significant interactions between the obtained implicit sequence learning effects and Stroop conflict. More specifically, we expected Stroop conflict to decrease over sequenced training and to increase when the sequenced colors were replaced with random colors. For the analyses of Stroop conflict, data from incongruent trials that produced the same response (e.g., "RED" in green) than the one given to congruent trials (e.g., "RED" in red) were left out of the analyses. Practice trials were also left out of the analyses. Specifically for the RT analyses, erroneous responses and responses following an erroneous response were excluded.
Training effect. To determine whether conflict is influenced by a general training effect, i.e., a decrease in error rates/RTs over blocks, we ran a 2 ϫ 10 analysis of variance (ANOVA) with congruency (congruent, incongruent) and block (all blocks, without random Blocks 10 and 11) as within-subject factors.
Error rates. Stroop conflict was derived from a main effect of congruency that showed that error rates on incongruent trials (M ϭ 1.9%, SD ϭ 1.08) were higher than on congruent trials (M ϭ 0.9%, SD ϭ 0.47), F(1, 20) ϭ 31.80, MSE ϭ 3.12, p Ͻ .001, p 2 ϭ .614. A main effect of block showed that error rates decreased significantly over blocks, F(9, 180) ϭ 2.03, MSE ϭ 1.80, p ϭ .038, p 2 ϭ .092. However, as revealed by a nonsignificant interaction between congruency and block (F Ͻ 1), this decrease (derived from the difference in error rates between the first and last training block) was comparable in congruent (M ϭ 0.5%, SD ϭ 1.57) and incongruent trials (M ϭ 0.6%, SD ϭ 1.83).
RTs. A main effect of congruency confirmed Stroop conflict by showing that RTs on incongruent trials were higher than on congruent trials, F(1, 20) ϭ 4.95, MSE ϭ 3786, p ϭ .037, p 2 ϭ .198 (see Figure 2 ).
Furthermore, a main effect of block showed that RTs decreased significantly over blocks, F(9, 180) ϭ 29.61, MSE ϭ 3742, p Ͻ .001, p 2 ϭ .597. Importantly, there was a Congruency ϫ Block interaction, F(9, 180) ϭ 3.71, MSE ϭ 1505, p Ͻ .001, p 2 ϭ .156. This interaction could indicate that (a) Stroop conflict declined significantly over blocks but also that (b) RTs decreased faster over blocks in incongruent trials compared with congruent trials.
Sequence-specific learning effect. Sequence-specific learning was derived from higher error rates/RTs for the mean of random Blocks 10 -11 (random) compared with the mean of surrounding sequenced Blocks 9 -12 (sequenced). To determine whether conflict diminished with sequence learning, we ran a 2 ϫ 2 ANOVA with congruency (congruent, incongruent) and sequence (sequenced, random) as within-subject factors.
Error rates. A main effect of congruency confirmed that error rates on incongruent trials (M ϭ 2.3%, SD ϭ 1.38) were higher than on congruent trials (M ϭ 0.9%, SD ϭ 0.52), F(1, 20) ϭ 35.81, MSE ϭ 1.18, p Ͻ .001, p 2 ϭ .642. Furthermore, a main effect of sequence demonstrated sequence learning by showing that error rates were higher in random blocks (M ϭ 2.0%, SD ϭ 1.08) compared with surrounding sequenced blocks (M ϭ 1.2%, SD ϭ 0.87), F(1, 20) ϭ 21.53, MSE ϭ 0.69, p Ͻ .001, p 2 ϭ .518. A tendency toward a significant Congruency ϫ Block interaction, F(1, 20) ϭ 3.94, MSE ϭ 0.55, p ϭ .061, p 2 ϭ .165, indicated that either (a) Stroop conflict effects were greater for random blocks (M ϭ 1.7%, SD ϭ 1.31) than for surrounding sequenced blocks (M ϭ 1.1%, SD ϭ 1.32) or (b) more sequence learning took place in incongruent trials (M ϭ 1.2%, SD ϭ 1.28) than in congruent trials (M ϭ 0.5%, SD ϭ 0.93).
RTs. The main effect of congruency tended to be significant, F(1, 20) ϭ 2.98, MSE ϭ 757, p ϭ .099, p 2 ϭ .129, showing that RTs on incongruent tended to be higher than on congruent trials (the fact that only a tendency was observed was due to the disappearance of conflict in the sequenced blocks see below). As expected, a main effect of sequence indicated that RTs were higher in random compared with surrounding sequenced blocks, F(1, 20) ϭ 34.87, MSE ϭ 1905, p Ͻ .001, p 2 ϭ .636. Importantly, a significant Congruency ϫ Sequence interaction was again observed, F(1, 20) ϭ 28.65, MSE ϭ 487, p Ͻ .001, p 2 ϭ .589. This interaction revealed that (a) Stroop conflict effects were greater for random blocks (M ϭ 36 ms, SD ϭ 42.7) than for surrounding sequenced blocks (M ϭ -15 ms, SD ϭ 25.9) or (b) more sequence learning took place in incongruent trials (M ϭ 82 ms, SD ϭ 55.9) than in congruent trials (M ϭ 31 ms, SD ϭ 40.7). A Bonferroni post hoc test carried out on the Congruency ϫ Sequence interaction showed that Stroop conflict was absent in sequenced blocks: RTs were comparable in incongruent and congruent trials (p ϭ .210). This in contrast to random blocks for which RTs were significantly higher in incongruent trials than in congruent trials (p Ͻ .001).
To determine to what extent the observed interaction between sequence learning and conflict was potentially due to differences in baseline RT between incongruent and congruent trials, we reran the analyses with standardized RTs. As expected, the main effect of congruency was nonsignificant because of the standardization procedure (F Ͻ 1). Importantly, the main effect of Sequence, F(1, 20) ϭ 81.83, MSE ϭ 0.17, p Ͻ .001, p 2 ϭ .805, and the Congruency ϫ Sequence interaction continued to be significant, F(1, 20) ϭ 35.8, MSE ϭ 0.07, p Ͻ .001, p 2 ϭ .642. This shows that the reported effects were not due to baseline differences.
Recognition task. A measure of recognition discriminability (sensitivity measure dЈ) was calculated to determine participants' judgment accuracy of first-order color transitions. When the proportion of false alarms exceeds or equals the proportion of hits, the dЈ value is negative or equal to zero, indicating that judgment performance is at chance level (Macmillan & Creelman, 2005) . In contrast, a positive dЈ indicates good recognition discriminability. Thus, the higher the positive dЈ value, the higher the likelihood that the participant possessed conscious awareness of the color transitions. The value of dЈ, as well as the proportion hits and false alarms, is displayed in Table 1 .
Correlational analyses showed that dЈ did not correlate with the amount of sequence-specific learning, derived from the RTs (error rates were not analyzed as only a tendency for an interaction between conflict and sequence learning could be observed; r ϭ -.11, p Ͼ .05). The correlation between dЈ and learning effects, determined separately for congruent trials (r ϭ -.06) and incongruent trials (r ϭ -.13), remained nonsignificant (p Ͼ .05). There were also no significant correlations between dЈ and Stroop effects in sequenced (r ϭ -.14) nor random blocks (r ϭ -.19; all ps Ͼ .05).
To not overlook possible effects of awareness, learners were subsequently categorized as either unaware (dЈ Յ 0; n ϭ 7) or aware (dЈ Ͼ 0; n ϭ 14), based on their individual dЈ value. A 2 ϫ 2 ϫ 2 ANOVA was carried out on the RTs with awareness (unaware, aware) as between-subjects factor and congruency (congruent, incongruent) and sequence (structured, random) as withinsubject factors. Because of the limited power, the reported effects should be interpreted with caution. The main effect of awareness was not significant (F Ͻ 1), and awareness did not interact with any of the other relevant factors either, as was revealed by an absent Awareness ϫ Congruency interaction, F(1, 19) ϭ 2.73, MSE ϭ 697, p ϭ .115, p 2 ϭ .126, an absent Awareness ϫ Sequence interaction (F Ͻ 1), and an absent Awareness ϫ Con- The criterion to classify participants with a dЈ value above 0 as aware learners, however, might be too liberal. Implicit familiarity retrieval processes are known to contribute to recognition memory (Jacoby, 1991) . Considering all participants with a dЈ value above 0 as aware learners may therefore lead to an overestimation of the amount of awareness. For this reason, we decided to rerun the ANOVA but restrict it this time to the unaware (dЈ Յ 0; n ϭ 7) and extreme aware learners (dЈ Ն 1; n ϭ 7). Again, the main effect of awareness, F(1, 12) ϭ 1.16, MSE ϭ 23936, p ϭ .302, p 2 ϭ .088, as well the interaction of Awareness ϫ Congruency ϫ Sequence (F Ͻ 1), failed to reach significance (learning in extreme aware participants amounted to M ϭ 24 ms, SD ϭ 15.7 in congruent trials and M ϭ 60 ms, SD ϭ 19.7 in incongruent trials; the unaware participants are the same as in the initial analyses). Accordingly, we can conclude that a substantial number of participants acquired conscious awareness of the color transitions. Nevertheless, conscious awareness did not affect performance.
Discussion
The results of Experiment 1 revealed that Stroop conflict interacted with implicit sequence learning, as predicted. Stroop conflict not only interacted with training effects (RTs only) but, more important, also with sequence-specific learning effects. Both interactions can be explained as follows. The interaction between conflict and training effects showed a gradual decrease of Stroop conflict over training, suggesting that participants became better at anticipating the color of an upcoming Stroop trial over training. This enabled them to even completely overcome Stroop conflict toward the end of training. However, when the sequence of colors was dropped, this resulted in a full recovery of Stroop conflict. Accordingly, the current results suggest that implicit learning processes, like induced in our sequential Stroop task, can be applied to protect against Stroop conflict. These effects were unrelated to sequence awareness.
This explanation is in line with the results of Koch (2007) and Tubau and López-Moliner (2004) , who reported conflict reduction in explicit sequence learning. In both studies, Simon-like conflict was smaller for sequenced than for random blocks. Like in Experiment 1, Tubau and López-Moliner also observed a complete disappearance of the conflict. It is interesting that we obtained exactly the same results as these authors, although the nature of the conflict was different (S-R compatibility in the Simon-task, S-S compatibility in the Stroop task) and brought about by another object feature (location in the Simon-task, meaning of the color word in the Stroop task). Moreover, because learning in Experiment 1 could not rely on pure response-based knowledge, like in the studies of Koch (2007) and Tubau and López-Moliner (2004) , our findings suggest that conflict reduction in sequence learning is not restricted to this type of learning. Finally, whereas conflict reduction was only observed in aware learners in the study of Koch (2007) and Tubau and López-Moliner (2004) , the results of Experiment 1 suggest that unaware learners can also benefit from conflict reduction.
In sum, the results of Experiment 1 are in agreement with the hypothesis that implicit learning can lead to a reduction of conflict and, hence, that implicit learning can support cognitive control functions (learning-improved control). Nevertheless, these conclusions were inferred from a within-subject manipulation of conflict (as is also the case for the studies by Koch, 2007, and Tubau & López-Moliner, 2004) . Therefore, the results of Experiment 1 can be accounted for equally well by improved learning under conflict. Indeed, the interaction between conflict and training on the one hand and conflict and sequence-specific learning on the other hand can also be interpreted as follows: Performance improved more over training for incongruent trials compared with congruent trials. When the sequence was dropped, performance also declined more for incongruent than for congruent trials, resulting in a larger learning effect in incongruent trials compared with congruent trials.
This explanation would be in line with the results of Deroost and Soetens (2006) , who reported larger implicit learning effects when control had to be applied: Learning was better for participants who learned the sequence with an incompatible compared with a compatible S-R mapping. Because these effects were obtained in a between-subjects design, the direction of the interaction in their study is clear: Learning improves because of cognitive control (control-improved learning). To rule out this alternative explanation, we determined in a more direct manner whether implicit learning can improve cognitive control in Experiment 2.
Experiment 2 Introduction
In Experiment 2, we assessed whether participants with sequence knowledge would be better at reducing conflict than participants without. Thus, Experiment 2 provided a direct test of the learning-improved control hypothesis. During the initial training phase (Blocks 1-9), half of the participants were exposed to the color sequence (sequenced training condition) and the other half to randomly changing colors (random training condition). This was done for both groups in a conflict-free task environment to obtain a baseline measure of implicit learning: All participants were presented with neutral words instead of Stroop color words during training. No random block was inserted during the training phase of the sequenced training condition, as Experiment 1 clearly demonstrated that participants were able to pick up the color sequence. Thus, unlike Experiment 1, sequence learning, or the difference between random and sequenced performance was assessed in a between-subjects design, instead of a within-subject design.
Subsequently, after training, all participants were tested under Stroop conditions during the testing phase (Blocks 10 -12). The testing phase was the most crucial part of the experiment, as it allowed us to determine whether participants who acquired sequence knowledge during training would be better at dealing with conflict than participants who did not undergo sequence training. During testing, the color of the Stroop words was sequenced for both training groups (if the sequence would have been omitted during testing, this would likely result in an abrupt drop in performance in the sequenced group, masking possible effects of learning on cognitive control). We also manipulated the amount of incongruent trials during testing to investigate how much conflict can be reduced by implicit sequence knowledge. Participants in each training group (sequenced, random) were exposed to a different proportion of incongruent trials during testing. In the 50 -50 testing condition, 50% of the trials were incongruent and 50% were congruent. In contrast, in the 75-25 testing condition, 75% of the trials were incongruent and 25% were congruent. Because of a lower number of incongruent trials, the 50 -50 condition was assumed to induce more conflict than the 75-25 condition, an effect known as the proportion-congruent effect (e.g., Logan & Zbrodoff, 1979) . Thus, this manipulation enabled us to determine the amount of conflict (high in the 50 -50 condition vs. low in the 75-25 condition) that can be reduced by implicit knowledge.
To recapitulate, participants were first trained under neutral conditions in a sequential or random manner (sequenced vs. random) and then tested under sequential conditions in either the 50 -50 or 75-25 conflict condition. If implicit knowledge reduces conflict, we should observe less Stroop conflict during testing for the sequenced training condition than for the random training condition.
Method
Participants. Seventy-one subjects (41 women, 30 men) participated voluntarily or in return for course credit. Their mean age was 19.4 years (SD ϭ 2.41). Participants were randomly assigned to the conditions (35 in the sequenced training condition and 36 in the random training condition).
Procedure, stimuli, and apparatus.
Experimental task.
The procedure, stimuli, and apparatus were the same as in Experiment 1, except for the following aspects. All participants carried out a training phase (Blocks 1-9) followed by a testing phase (Blocks 10 -12). In the training phase, they were instructed to respond to the color (red, green, blue, or yellow) of neutral nouns ("boot," "stoel," "vrouw," and "week," the Dutch words for "boat," "chair," "woman," and "week," respectively). The nouns were chosen in such a way that they matched the Stroop words ("rood," "groen," "blauw," and "geel," the Dutch words for "red," "green," "blue," and "yellow," respectively) with respect to word length, number of syllables, and phonetic similarity. Participants were instructed to react to the color of the words and ignore the word meaning throughout the experiment. The experiment started with a practice block of 50 trials before the nine training blocks of 100 trials were presented. During practice, word color, placed on the neutral words, changed randomly for all participants. Subsequently, in the training phase, the color followed the same probabilistic sequence as in Experiment 1 in the sequenced training condition, whereas the color was randomly determined in the random training condition. The neutral words themselves changed randomly in both training conditions throughout training.
After the neutral training phase, all participants carried out three additional blocks of 100 trials each in the testing phase. In the testing phase, the neutral words were replaced with the Stroop words. Participants were instructed to keep responding to the color of the words and to ignore the word meaning. The word was randomly determined, with the restriction that for half of the participants in each training condition, 50% of the trials were incongruent and 50% congruent trials (50 -50 testing condition).
The other half was presented with 75% incongruent trials and 25% congruent trials during testing (75-25 testing condition).
Recognition task. The recognition task was exactly the same as in Experiment 1. Only participants in the sequenced training condition carried out the recognition task, as they were the only ones who were sufficiently exposed to the sequential structure during the experiment and, thus, were the only ones having the opportunity to develop awareness (participants in the random training condition only received three sequenced [testing]) blocks).
Results
Experimental task. The analyses were carried out by taking three blocks together to simplify interpretation of the results. Unless reported otherwise, this procedure did not change the results compared with the analyses carried out with block as a separate factor.
Training phase: Assessment of sequence learning. Implicit sequence learning was assessed by a difference in performance (error rates and/or RTs) between the sequenced and randomly trained groups. The analyses of the training phase were carried out by taking three training blocks together in a 2 ϫ 3 ANOVA with training condition (sequenced, random) and training block (Blocks 1-3, 4 -6, and 7-9) as within-subject factors.
Error rates. The main effect of training condition was not significant (F Ͻ 1), indicating that error rates were comparable in the sequenced (M ϭ 3.2%, SD ϭ 1.93) and the random training conditions (M ϭ 3.1%, SD ϭ 1.90). A main effect of training block showed that errors decreased significantly over training blocks, F(2, 138) ϭ 3.75, MSE ϭ 793, p ϭ .026, p 2 ϭ .051, but a nonsignificant Training Condition ϫ Training Block interaction revealed that this decrease in errors did not differ between the sequenced (M ϭ 1.6%, SD ϭ 2.98) and the random training conditions (M ϭ 0.4%, SD ϭ 2.16; F Ͻ 1). Accordingly, no evidence for sequence learning could be derived from the error rates.
RTs. In line with the expectations, a main effect of training condition showed that RTs in the sequenced condition were lower than in the random condition, F(1, 69) ϭ 13.86, MSE ϭ 14898, p Ͻ .001, p 2 ϭ .167 (see Figure 3) . To assure that differences in RT between conditions were due to implicit sequence learning, and not to baseline differences, we analyzed the data of the practice block that was presented before the training phase. During practice, word color (placed on random neutral words) changed randomly in both conditions. Thus, performance during practice provides a good baseline measure. The analysis of the practice block showed that performance during practice was highly comparable in the sequenced (M ϭ 632 ms, SD ϭ 173.5) and the random training conditions (M ϭ 650 ms, SD ϭ 149.6), F(1.69) ϭ 0.223, MSE ϭ 26186, p ϭ .638, p 2 ϭ .003. This was confirmed by the analysis of the error rates: Errors during practice did not differ significantly between the sequenced (M ϭ 3.3%, SD ϭ 3.71) and the random training conditions (M ϭ 3.8%, SD ϭ 3.40), F(1.69) ϭ 0.34, MSE ϭ 12.7136, p ϭ .561, p 2 ϭ .004. Consequently, because (a) no baseline differences between the two training conditions could be observed, which was expected because participants were randomly assigned to the conditions, and (b) participants in the sequenced training condition were exposed to the exact same color sequence that yielded significant sequence learning effects in Experiment 1, faster RTs in the sequenced condition than in the random condition were attributed to sequence learning effects.
A main effect of training block furthermore showed that RTs decreased significantly over blocks, F(2, 138) ϭ 51.35, MSE ϭ 793, p Ͻ .001, p 2 ϭ .427. The Training Condition ϫ Training Block interaction, however, was not significant (F Ͻ 1), indicating that performance improved equally well in both training conditions.
Testing phase: Does sequence learning reduce conflict? If implicit learning enables overruling conflict, then Stroop conflict should be smaller during the testing phase for participants who could continue relying on their sequence knowledge (sequence training condition), compared with participants who did not undergo sequential training (random training condition). Moreover, if the amount of conflict influences the ability of sequence knowledge to reduce conflict, then this should become visible in differences between the conflict testing conditions (50 -50 vs. 75-25).
These two hypotheses were determined in a 2 ϫ 2 ϫ 2 ANOVA with training condition (sequenced, random) and conflict testing condition (50 -50, 75-25) as between-subjects factors and congruency (congruent, incongruent) as within-subject factor. The three testing blocks (Blocks 10 -12) were taken together for the analysis-the analysis of testing block as an additional within-subject factor revealed that error rates and RTs decreased over testing block, F(2, 134) ϭ 8.43, MSE ϭ 1.68, p Ͻ .001, p 2 ϭ .112, and, F(2, 134) ϭ 49.77, MSE ϭ 3813, p Ͻ .001, p 2 ϭ .416, respectively; but testing block did not interact with any of the other relevant factors.
Error rates. A main effect of congruency indicated Stroop conflict, as more errors were committed in incongruent trials (M ϭ 1.9%, SD ϭ 1.29) than in congruent trials (M ϭ 1.1%, SD ϭ 1.11), F(1, 67) ϭ 34.24, MSE ϭ 0.74 p Ͻ .001, p 2 ϭ .338. Crucially, the Congruency ϫ Training Condition interaction was not significant, F(1, 67) ϭ 1.81, MSE ϭ 0.74 p ϭ .183, p 2 ϭ .026. Thus, the amount of conflict experienced at testing was equally high for participants trained with the color sequence in the sequenced training condition (M ϭ 1.0%, SD ϭ 1.25) than for participants trained without in the random training condition (M ϭ 0.6% ms, SD ϭ 1.38). The Congruency ϫ Training Condition ϫ Testing Condition interaction also failed to reach significance (F Ͻ 1). Other main and interaction effects were not significant either (F Ͻ 1).
RTs.
A main effect of congruency showed that RTs on incongruent trials were higher than on congruent trials, F(1, 67) ϭ 28.54, MSE ϭ 781, p Ͻ .001, p 2 ϭ .299, confirming Stroop conflict (see Figure 4) . The interaction between congruency and testing condition also tended to be significant, F(1, 67) ϭ 3.92 MSE ϭ 781, p ϭ .052, p 2 ϭ .055. Thus, in accordance with the proportion-congruent effect, Stroop conflict tended to be higher in the 50 -50 testing condition (M ϭ 35 ms, SD ϭ 43.5) than in the 75-25 testing condition (M ϭ 16 ms, SD ϭ 32.2). The interaction between training condition and conflict testing condition was not significant, F(1, 67) ϭ 1.32 MSE ϭ 21625, p ϭ .254, p 2 ϭ .019. More important, the interaction between congruency and training condition was not significant either (F Ͻ 1). Thus, participants with sequenced training experienced as much conflict (M ϭ 26 ms, SD ϭ 45.6) during the testing phase than participants with random training (M ϭ 27 ms, SD ϭ 34.2).
The Congruency ϫ Training Condition ϫ Testing Condition interaction, as well as other main and interaction effects, failed to reach significance (F Ͻ 1).
Recognition task. The mean dЈ value for sequenced participants tested under both conflict conditions is displayed in Table 1 . The recognition data of one participant in the 50 -50 condition was lost because of technical problems. There were no significant differences in dЈ value between the 50 -50 and 75-25 sequenced groups, t(33) ϭ 0.56, p ϭ .574, d ϭ 0.20.
Subsequently, we determined possible effects of sequence awareness on the modulation of conflict by carrying out an anal- ysis of covariance (ANCOVA) with conflict testing condition (50 -50, 75-25) as between-subjects factors, congruency (congruent, incongruent) as a within-subject factor and dЈ as covariate. This analysis showed that the effect of conflict testing condition was not significant, F(2, 30) ϭ 1.47, p ϭ .247, p 2 ϭ .089. Thus, the proportion-congruent effect was no longer significant when corrected for dЈ (this might to be due to an absent proportioncongruent effect in extreme aware learners, see below). The effect of dЈ was not significant either, indicating that the amount of awareness had no effect of the size of Stroop conflict (F Ͻ 1).
We also failed to obtain evidence for differences in Stroop conflict between unaware learners (n ϭ 6, of which four were in the 50 -50 and two were in the 75-25 testing condition) and aware learners (dЈ Ͼ 0; n ϭ 28, of which 16 were in the 50 -50 and 12 were in the 75-25 testing condition) in a 2 ϫ 2 ϫ 2 ANOVA with congruency (congruent, incongruent) as a within-subject factor and awareness (unaware, aware) and conflict testing condition (50 -50, 75-25) as between-subjects factors. The main effect of awareness was not significant, and awareness did not interact with congruency or with conflict testing condition (F Ͻ 1). Finally, no reliable Awareness ϫ Congruency ϫ Testing Conflict Condition interaction could be observed (F Ͻ 1). This shows that Stroop conflict in aware learners in the 50 -50 (M ϭ 40 ms, SD ϭ 60.3) and the 75-25 (M ϭ 8 ms, SD ϭ 19.6) testing conditions was highly comparable with Stroop conflict in unaware learners in the 50 -50 (M ϭ 29 ms, SD ϭ 36.5) and 75-25 (M ϭ 13 ms, SD ϭ 8.4) testing conditions. The results remained the same when only unaware (n ϭ 6) and extreme aware (dЈ Ͼ 1; n ϭ 15, of which 10 were in the 50 -50 and five were in the 75-25 testing condition) learners were taken into account in the analysis: Stroop conflict amounted to M ϭ 33 ms (SD ϭ 65.4) in the 50 -50 testing condition and M ϭ 20 ms (SD ϭ 19.8) in the 75-25 testing condition (F Ͻ 1). Accordingly, it seems that, although a high number of participants developed sequence awareness, this had no effect on the way they dealt with conflict.
Discussion
The results of Experiment 2 convincingly show that implicit learning had no beneficial or any other effect on cognitive control. Participants who acquired sequence knowledge did not handle Stroop conflict any better than participants who did not undergo sequenced training. This effect was independent of the amount of conflict and sequence awareness. These results therefore refute the learning-improved control hypothesis that implicit learning is able to reduce conflict.
Yet, one could argue that the sudden introduction of conflict items in the testing phase might have prevented participants from adequately expressing their acquired sequence knowledge. However, as demonstrated in Experiment 1 and shown by Deroost and Soetens (2006) , there are no reasons to believe that the expression of sequence knowledge is hampered by conflict. Rather, more learning was expressed under conflict conditions in Experiment 1 (see also Experiment 3 for a more stringent test). This indicates that the absence of reduced conflict in the sequenced condition in Experiment 2 cannot be attributed to insensitive testing conditions. Consequently, the findings of Experiment 2 suggest that a reduction of conflict, as reported in Experiment 1, is a misinterpretation of the interaction between implicit learning and conflict. In other words, the interaction might be better accounted for by enhanced learning in incongruent trials compared with congruent trials, hence, improved learning under conflict (control-improved learning hypothesis), as suggested by Deroost and Soetens (2006) . Unfortunately, in the Deroost and Soetens study, participants were trained and tested under the same conflict conditions, so that the effect of conflict on implicit sequence learning could not be isolated from the effect of conflict on the expression of learning. It
Introduction
In Experiment 3, we determined whether conflict can indeed improve implicit learning. This was done by manipulating the degree of conflict during the training phase and subsequently assessing the influence of conflict on sequence learning during the testing phase in an independent way.
In the training phase, participants were first trained to learn the color sequence in eight blocks (Blocks 1-8, so one block of training less than in Experiment 2, in order to have sufficient testing blocks left to determine sequence-specific learning; see testing phase below). Sequence training occurred under different degrees of conflict. In the 50 -50 training condition, 50% incongruent and 50% congruent trials were presented during training. In the 75-25 training condition 75% of the trials was incongruent and 25% congruent. Like in Experiment 2, the size of conflict was expected to be larger in the 50 -50 condition than in the 75-25, because of the proportion-congruent effect. Both conditions were compared with a neutral training condition, in which no conflict was induced. In the neutral training condition, the color sequence was imposed on the same neutral nouns that were used in Experiment 2.
Subsequently, in the testing phase (Blocks 9 -12), participants were tested under different degrees of conflict. The color sequence, present during Blocks 9 and 12, was omitted in random Blocks 10 and 11 to test sequence-specific knowledge. In each conflict training condition, three intermixed types of conflict trials were presented during the testing phase: incongruent trials (33%), congruent trials (33%), and neutral (33%). One might wonder why conflict was manipulated in a different way during training and testing. Training conditions consisting of one type of trial (neutral, congruent, or incongruent only) were not considered for the following reason: Participants who are exclusively trained with congruent trials may not show learning at all, as performance does not leave much room for further improvement (floor effect). But without learning taking place, we cannot effectively manipulate conflict in the training phase. In the analyses of the testing phase, however, it becomes clear that conflict manipulated in a different way during training and testing does not hinder disentangling the effect of conflict on learning from the effect of conflict on the expression of learning.
In sum, Experiment 3 was carried out to determine whether conflict truly improves implicit learning (control-improved learning hypothesis), as suggested by Deroost and Soetens (2006) , or whether conflict improves the expression of learning. If conflict indeed improves learning, we expected to observe the largest learning effect in the testing phase in the training condition with the highest amount of conflict, the 50 -50 training condition, irrespective of the amount of conflict (neutral, congruent, incongruent) during testing. Alternatively, if conflict improves the expression of learning, we expected to observe the largest learning effect in the testing condition with the highest amount of conflict, the incongruent test trials, irrespective of the amount of conflict during training.
Method
Participants. Forty-five subjects (29 women, 16 men) completed the experiment voluntarily or in return for course credit. Their mean age was 21.2 years (SD ϭ 3.79). Participants were randomly assigned to the conflict training conditions (19 in the 50 -50 training condition, 13 in the 75-25 conflict training condition, and 13 in the neutral training condition).
Procedure, stimuli, and apparatus. Experimental task. The procedure, stimuli, and apparatus were the same as in Experiments 1 and 2, except for the following aspects. All participants carried out eight training blocks of 100 trials (Blocks 1-8) followed by four testing blocks of 100 trials (Blocks 9 -12). During training, the probabilistic color sequence was presented in all blocks. Participants saw either Stroop words, with a proportion incongruent/congruent trials of either 50 -50 (50 -50 training condition) or 75-25 (75-25 training condition), or neutral nouns (neutral training condition). Before training, all participants were required to complete a practice block of 50 trials that was similar to the training condition, except that no sequence was presented.
Subsequently, in the testing phase, all participants were presented with 33% incongruent, 33% congruent, and 33% neutral trials. Incongruent, congruent, and neutral testing trials were presented intermixed, in a random order. In testing Blocks 10 and 11, the color sequence was replaced with a random sequence to determine sequence-specific learning.
Recognition task. The recognition task was exactly the same as in Experiments 1 and 2.
Results
Sequential learning task.
Analyses were carried out by taking two blocks together. Unless reported otherwise, this did not affect the results compared with the analyses carried out with block as a separate factor.
Training phase: Assessment of training effects. First, a general training effect (decrease in errors and/or RTs over training blocks) was assessed for the three conflict training conditions (50 -50, 75-25, and neutral) . These analyses were carried out by taking two training blocks together in a 3 ϫ 4 ANOVA with conflict training condition (50 -50, 75-25, and neutral) as between-subjects factor and training block (Blocks 1-2, 3-4, 5-6, and 7-8) as a within-subject factor.
Error rates. A main effect of conflict training condition indicated that more errors were committed in the 50 -50 training condition (M ϭ 2.8%, SD ϭ 1.48) than in the 75-25 (M ϭ 1.1%, SD ϭ 0.47) and in the neutral (M ϭ 1.3%, SD ϭ 0.48) training conditions, F(2, 42) ϭ 15.75, MSE ϭ 3.155, p Ͻ .001, p 2 ϭ .428. Neither the main effect of training block nor the interaction between training block and conflict training condition reached significance (F Ͻ 1). This indicates that errors remained stable over training in the 50 -50 (M ϭ 0.1%, SD ϭ 1.33), the 75-25 (M ϭ 0.5%, SD ϭ 0.83), and the neutral (M ϭ 0.5%, SD ϭ 2.37) training condition.
RTs.
A main effect of training block showed that RTs decreased significantly over training, F(3, 126) ϭ 7.18, MSE ϭ 1312, p Ͻ .001, p 2 ϭ .146 (see Figure 5 ). The main effect of conflict training condition was not significant (F Ͻ 1), indicating that the general RT level in all training conditions was comparable. The Conflict Training Condition ϫ Training Block interaction was not significant either, F(6, 126) ϭ 1.76, MSE ϭ 1312, p ϭ .113, p 2 ϭ .077. Thus, training effects were comparable in all three training conditions.
Interactions between training effects and congruency. Because congruency was manipulated within the 50 -50 and 75-25 training conditions, we ran a separate 2 ϫ 2 ϫ 4 ANOVA on the RTs (no training effects could be derived from the error rates), with conflict training condition (50 -50, 75-25) as a between-subjects factor and congruency (congruent, incongruent) and training block (Blocks 1-2, 3-4, 5-6, and 7-8) as within-subject factors.
RTs. A main effect of congruency marked the presence of Stroop conflict, F(1, 30) ϭ 22.53, MSE ϭ 2510, p Ͻ .001, p 2 ϭ .429. Furthermore, a main effect of conflict training block confirmed the training effect reported earlier, F(7, 210) ϭ 9.13, MSE ϭ 4587, p Ͻ .001, p 2 ϭ .233. As predicted, Stroop conflict effects also were greater in the 50 -50 (M ϭ 33 ms, SD ϭ 27.7) than in the 75-25 conflict condition (M ϭ 10 ms, SD ϭ 20.5), as indicated by a significant Congruency ϫ Conflict Training Condition interaction, F(1, 30) ϭ 6.90, MSE ϭ 2510, p ϭ .030, p 2 ϭ .070. Finally, a significant Congruency ϫ Conflict Training Block interaction demonstrated that either (a) Stroop effects decreased over training (M ϭ 17 ms, SD ϭ 43.5) or (b) RTs decreased faster in incongruent (M ϭ 73 ms, SD ϭ 129.9) compared with congruent training blocks (M ϭ 39 ms, SD ϭ 95.0), F(7, 210) ϭ 2.27, MSE ϭ 1139, p ϭ .013, p 2 ϭ .187. Other effects were not significant.
Testing phase: Does conflict improve learning or its expression? The analyses of the testing phase are the most important, since they allow us to assess whether conflict improves learning (control-improved learning hypothesis) or, rather, the expression of learning. The amount of sequence-specific learning was derived from higher error rates/RTs for the mean of random Blocks 10 -11 (random) compared with the mean of surrounding sequenced Blocks 9 -12 (sequenced). If conflict has an enhancing effect on implicit learning itself, we expect to observe most sequence knowledge in the training condition with the highest amount of conflict, the 50 -50 training condition, irrespective of the amount of conflict (incongruent, congruent, neutral) during testing. Alternatively, if conflict enhances the expression of implicit learning, we expect to observe most sequence knowledge in the testing condition with the highest amount of conflict, the incongruent trials, irrespective of the amount of conflict (50 -50, 75-25, neutral) during training. These hypotheses were examined in a 3 ϫ 2 ϫ 3 ANOVA with conflict training condition (50 -50, 75-25 and neutral,) as a between-subjects factor and sequence (sequenced, random) and conflict testing condition (neutral, congruent and incongruent) as within-subject factors.
Error rates. A main effect of sequence demonstrated that error rates in random blocks (M ϭ 1.3%, SD ϭ 0.71) were higher than in sequenced blocks (M ϭ 0.9%, SD ϭ 0.45), F(1, 42) ϭ 22.46, MSE ϭ 0.42, p Ͻ .001, p 2 ϭ .348, supporting sequencespecific learning. However, no significant interaction between sequence and conflict training condition could be observed (F Ͻ 1), which shows that sequence learning was comparable for the 50 -50 (M ϭ 0.3%, SD ϭ 0.51), the 75-25 (M ϭ 0.4%, SD ϭ 0.54), and the neutral (M ϭ 0.4%, SD ϭ 0.54) training condition. Neither the Sequence ϫ Conflict Testing Condition, F(2, 84) ϭ 1.38, MSE ϭ 0.49, p ϭ .257, p 2 ϭ .032, nor the Sequence ϫ Conflict Training Condition ϫ Conflict Testing Condition interaction reached significance (F Ͻ 1). Accordingly, learning effects were comparable in incongruent (M ϭ 0.2%, SD ϭ 0.83), congruent (M ϭ 0.5%, SD ϭ 0.92), and neutral (M ϭ 0.5%, SD ϭ 1.09) testing trials, irrespective of the amount of conflict during training. 
A main effect of sequence showed that RTs in random blocks (M ϭ 528 ms, SD ϭ 75.4) were higher than in sequenced blocks (M ϭ 480 ms, SD ϭ 73.8), F(1, 42) ϭ 40.97, MSE ϭ 3728, p Ͻ .001, p 2 ϭ .494, confirming sequence-specific learning (see Figure 6 ). The main effect of conflict training was not significant (F Ͻ 1) . Crucially, there was no interaction between conflict training condition and sequence (F Ͻ 1), which indicates that the amount of conflict to which participants were exposed during training had no effect on the amount of sequence learning. Thus, sequence learning was highly comparable for the 50 -50 (M ϭ 51 ms, SD ϭ 47.6), the 75-25 (M ϭ 43 ms, SD ϭ 34.1), and the neutral (M ϭ 53 ms, SD ϭ 64.3) training conditions. The main effect of conflict testing proved to be significant F(2, 84) ϭ 34.60, MSE ϭ 1197, p Ͻ .001, p 2 ϭ .452. A Bonferroni post hoc test showed that RTs were higher in incongruent testing trials (M ϭ 531 ms, SD ϭ 86.3; p Ͻ .001), whereas RTs in congruent (M ϭ 483 ms, SD ϭ 65.1) and neutral testing trials (M ϭ 498 ms, SD ϭ 64.3) were comparable (p ϭ .206).
Importantly, the Conflict Testing Condition ϫ Sequence interaction yielded a significant effect, F(2, 84) ϭ 4.75, MSE ϭ 988, p ϭ .011, p 2 ϭ .102. The interaction between conflict training condition, conflict testing condition, and sequence, on the other hand, was not significant (F Ͻ 1).
Detailed analyses with Bonferroni post hoc tests to closely examine the interaction between conflict testing and sequence learning showed that more learning was observed in incongruent trials (M ϭ 61 ms, SD ϭ 93.8) than in congruent (M ϭ 43 ms, SD ϭ 36.6) and neutral trials (M ϭ 37 ms, SD ϭ 43.7; p ϭ .025 and p ϭ .014, respectively). The amount of knowledge observed in the latter two conditions, however, proved highly comparable (p ϭ .999). When differences in learning between conflict testing conditions was determined separately for random and sequenced blocks, RTs on incongruent random trials (M ϭ 561 ms, SD ϭ 98.2) proved to be higher than RTs on both congruent random (M ϭ 505 ms, SD ϭ 70.2) and neutral random trials (M ϭ 517 ms, SD ϭ 69.7; p Ͻ .001), whereas the latter two were not significantly different (p ϭ .718). Unlike Experiment 1, RTs were also higher on incongruent sequenced trials (M ϭ 500 ms, SD ϭ 98.3) than on congruent sequenced (M ϭ 462 ms, SD ϭ 64.9) and neutral sequenced trials (M ϭ 479 ms, SD ϭ 66.0; p Ͻ .001 and p ϭ .033, respectively); the difference between the two latter types of sequenced trials was, again, not significant (p ϭ .356 ). Yet the difference in RT between incongruent and congruent trials, hence Stroop conflict, proved larger in random blocks (M ϭ 53 ms, SD ϭ 60.4) than in sequenced blocks (M ϭ 28 ms, SD ϭ 49.6; p ϭ .019). The same was true for the RT difference between incongruent and neutral trials in random (M ϭ 45 ms, SD ϭ 55.6) and sequenced blocks (M ϭ 17 ms, SD ϭ 52.3; p ϭ .013). Accordingly, the higher amount of learning observed in incongruent trials is better accounted for by a slowed response given to incongruent random trials than to incongruent sequenced trials.
Recognition task.
The mean dЈ value (see Table 1 ) for participants trained in the 50 -50, 75-25, and neutral training conditions did not differ significantly (F Ͻ 1). Accordingly, the amount of conflict did not significantly affect the development of sequence awareness.
We assessed the effect of sequence awareness on conflictmodulated learning, as derived from the RTs (error rates did not support learning), in an ANCOVA with conflict training condition (50 -50, 75-25, and neutral) as a between-subjects factor, sequence Figure 6 . Mean median reaction times (RTs, in milliseconds) as a function of sequence (S ϭ sequenced, R ϭ random), conflict training condition (50 -50, 75-25, neutral) , and conflict testing condition (incongruent, congruent, neutral) in Experiment 3. Vertical bars denote Ϯ standard errors. learning (difference between random and surrounding sequenced blocks in incongruent, congruent, and neutral trials) as a withinsubject factor, and dЈ as covariate. This analysis confirmed that the effect of conflict training condition on learning was not significant (F Ͻ 1). More important, the effect of dЈ was not significant either, indicating that the amount of awareness had no effect on the amount of observed sequence knowledge, irrespective of the amount of conflict during training, F(3, 39) ϭ 1.14, p ϭ .346, p 2 ϭ .080.
Based on their dЈ value, participants were subsequently divided into unaware learners (n ϭ 12, of which seven were in the 50 -50, four were in the 75-25, and five were in the neutral training condition) and aware learners (n ϭ 33, of which 12 were in the 50 -50, 11 were in the 75-25, and 10 were in the neutral training condition). We carried out a 2 ϫ 3 ϫ 2 ϫ 3 ANOVA with awareness (unaware, aware) and conflict training condition (50 -50, 75-25, and neutral) as between-subjects factors and sequence (sequenced, random) and conflict testing condition (incongruent, congruent, neutral) as within-subject factors. This analysis revealed that the main effect of awareness was not significant and that this factor did not interact with any of the other factors (F Ͻ 1). Thus, most sequence learning was observed in incongruent trials in both aware (M ϭ 59 ms, SD ϭ 92.2) and unaware learners (M ϭ 85 ms, SD ϭ 48.5), irrespective of the conflict training condition. Also, the amount of learning observed in congruent (M ϭ 39 ms, SD ϭ 43.5 and M ϭ 46 ms, SD ϭ 63.9, respectively) and neutral trials (M ϭ 37 ms, SD ϭ 54.6 and M ϭ 43 ms, SD ϭ 31.0, respectively) proved to be comparable between aware and unaware participants. These results remained the same when only unaware (n ϭ 12) and extreme aware (dЈ Ͼ 1; n ϭ 19, of which six were in the 50 -50, seven were in the 75-25, and six were in the neutral training condition) learners were taken into account in the analysis (F Ͻ 1): Most learning was observed in incongruent trials (M ϭ 43 ms, SD ϭ 91.9), whereas learning in congruent (M ϭ 27 ms, SD ϭ 38.3) and neutral trials did not differ (M ϭ 28 ms, SD ϭ 58.6).
In sum, the analyses of the recognition data show that, even though many learners developed awareness, performance was highly comparable for aware and unaware learners.
Discussion
The results of Experiment 3 convincingly demonstrate that conflict had no effect on the acquisition of implicit knowledge: No matter the degree of conflict during training, the amount of sequence knowledge observed during testing was equally high in each training condition. In contrast, conflict had an enhancing effect on the expression of implicit learning: Most sequence knowledge was observed under the highest amount of conflict, in incongruent trials (see also differences in training effects between congruent and incongruent trials).
Accordingly, the results are straightforward: Cognitive control does not enhance the acquisition of implicit knowledge (no control-improved learning) but enhances its expression (controlimproved expression of learning).
General Discussion
In the current study, we examined whether automatic processes, which proceed quickly and effortlessly in the absence of conscious monitoring, can support cognitive control. To this aim, we ran three experiments, in which we examined the influence of implicit sequence learning on conflict resolution in the Stroop task. Previous studies on this topic are rare, and their results remain inconclusive. In Experiment 1, we observed an interaction between conflict and learning. These results are in agreement with Koch (2007) and Tubau and López-Moliner (2004) , who reported the same conflict reduction in explicit sequence learning. Yet our findings also corroborate the findings of Deroost and Soetens (2006) , who put forward that learning is enhanced by cognitive control. In two additional experiments, we therefore further unraveled the direction of the interaction between conflict and implicit learning. Experiment 2 provided a direct test of the learningimproved control hypothesis that implicit learning enhances cognitive control. The results, however, univocally dispute this hypothesis by showing that participants who learned the sequence were no better at resolving conflict than participants who were trained without sequence. Finally, in Experiment 3, we investigated the hypothesis that control enhances implicit learning (control-improved learning), as suggested by Deroost and Soetens (2006) . The results convincingly demonstrate that this is not the case: Conflict had no effect on the acquisition of implicit learning. However, conflict had a significant effect on the expression of learning as more knowledge was expressed under higher amounts of conflict (control-improved expression of learning).
One could wonder, however, whether the results we obtained can be unambiguously attributed to implicit sequence learning. In random serial tasks it has been observed that Stroop conflict, in contrast to Simon conflict, is smallest for fast responses and increases as responses slow (e.g., Pratte, Rouder, Morey, & Feng, 2010) . Thus, it could be that the decrease of Stroop interference over sequenced training and the increase of conflict in random conditions is related to the response times, rather than to sequence learning. Yet the findings we obtained with Stroop conflict were completely analogous to the effects reported in Simon-like conflict in explicit learning by Koch (2007) and Tubau and López-Moliner (2004) . Moreover, unlike random serial tasks, we found a clear disappearance of conflict over training (e.g., Dutta & Proctor, 1992) , which indicates that the presence of a sequence rather than response times accounts for the obtained results. Nevertheless, to determine more conclusively whether the size of Stroop conflict depended on response times in our sequential Stroop task, we compared the size of Stroop conflict between random blocks and sequenced blocks with the highest RTs. More precisely, we compared Stroop effects in sequenced Block 1 with random Blocks 10 -11 for the data of Experiment 1. RTs in Block 1 (M ϭ 586 ms, SD ϭ 132.8) were substantially higher than in random Blocks 10 -11 (M ϭ 525 ms, SD ϭ 102.6), F(1, 20) ϭ 13.39, MSE ϭ 3820, p ϭ .002, p 2 ϭ .401. But nevertheless, the size of the Stroop conflict was comparable for Block 1 (M ϭ 26 ms, SD ϭ 75.2) and random blocks (M ϭ 36 ms, SD ϭ 42.6; F Ͻ 1). These results indicate that the size of the Stroop effect was not directly proportional to the response time. At the descriptive level, even an inverse relationship could be observed. Thus, although it remains possible that response times affected the size of the Stroop conflict, this effect cannot completely explain the pattern of results we obtained. Because the crucial factor that seems to determine the size of conflict is related to the presence of the sequence and not the response time, we attributed our findings to implicit sequence learning.
Another point of concern might be our manipulation of conflict in sequence learning. Because congruent and incongruent trials were distributed randomly across the sequence, this may result in carryover effects of sequence learning between both types of trials, with the potential risk of leveling Stroop conflict over sequenced training. However, as also stated in the rationale for Experiment 3 (training phase), the alternative option, namely, a pure betweensubjects manipulation of congruency with one group trained with congruent trials only and the other group with incongruent trials, is likely to be ineffective. Performance in congruent trials only is already guided by automatic processing and would probably not further improve with sequence learning. For this reason, we manipulated congruency within-subject to determine the effect of conflict on learning. However, the results of both Experiments 2 and 3 show that potential carryover effects between congruent and incongruent sequence learning are unable to explain the data we obtained. In Experiment 2, performance at testing between sequenced participants with potential carryover effects did not differ from participants who were randomly trained, thus without carryover effects. Likewise, in Experiment 3, participants trained under neutral conditions, thus without carryover effects, displayed exactly the same pattern of results as participants for whom carryover effects could have occurred (50 -50 and 75-25 training conditions). Thus, carryover effects are unlikely to account for the current results.
Because we found no evidence for conflict reduction in implicit learning-particularly in Experiment 2, which addressed this issue directly-we determined whether implicit learning might have operated on another level of cognitive control. Cognitive control functions are not only engaged in the suppression of unfavorable actions but also guide task optimization by eliciting adaptive shifts in behavior. For instance, decreased errors and/or slowed RTs are generally observed following conflict trials (Gratton, Coles, & Donchin, 1992) . This is ascribed to conflict adaptation processes that increase participants' alertness to conflict, preventing them from carrying out undesirable actions (see e.g., Botvinick et al., 2001) . To examine possible effects of implicit sequence learning on conflict adaptation processes, we determined a conflict adjustment score for each of the experimental conditions, following the procedure of Kerns et al. (2004) . More precisely, by calculating [(iC -cC) ϩ (cI -iI)], we established whether (a) errors/RTs on incongruent trials preceded by incongruent (iI) trials decreased faster than errors/RTs on incongruent trials preceded by congruent (cI) trials and (b) errors/RTs on iC increased more than on cC trials. Higher scores are indicative of increased cognitive control. Exact repetitions were left out of the analyses of conflict adaptation. The results revealed that reliable evidence for conflict adjustment could not be found in any of the experiments, irrespective of the amount of conflict or the presence of the sequence. Explaining why we found no indication for conflict adaptation is beyond the scope of the current article. The main finding is that sequence knowledge did not induce conflict adaptation. Accordingly, this strengthens our general conclusion that implicit learning does not reduce conflict.
It is important to note that in none of the experiments the amount of sequence awareness had any effect on the obtained results. Because many participants showed clear evidence for sequence awareness in the recognition test, this indicates that the test itself was sufficiently sensitive. Yet because aware participants did not perform better than less aware ones, this suggests that awareness itself was not useful to improve performance. A plausible explanation for the lack of awareness effects can be found in the use of a probabilistic sequence with a 4S-to-2R mapping that generated random responses (two color alternatives were mapped onto randomly changing response keys). The procedure was applied to rule out that participants would develop response-based sequence knowledge and, hence, would no longer process the perceptual information, including the conflict. Thus, motor priming effects were explicitly controlled for in our design. Moreover, because each color was followed by two equiprobable color successors, this also ruled out direct response anticipation. In sum, sequence awareness or knowledge about which pair of colors was more likely to appear after a particular color did not tell participants anything about the required response. This likely explains why participants could not benefit from awareness to improve performance.
What can now be concluded from the current series of experiments? First of all, the results cannot be reconciled with either of the hypotheses we were aiming to disentangle. We found no support for the learning-improved control hypothesis that implicit sequence knowledge protects against conflict (Experiment 2). The results were not in agreement with the control-improved learning hypothesis either: Conflict did not enhance implicit sequence learning (Experiment 3). This does not imply, however, that implicit learning cannot contribute to cognitive control. Whereas conflict had no effect on learning, it did have a significant impact on the amount of expressed sequence knowledge (Experiment 3). Clearly, most knowledge was expressed when high demands were placed on the cognitive system.
The observation that the expression of implicit learning benefits from increased demands bears a striking resemblance to previous findings of our lab investigating the influence of input attention on sequence learning (Coomans, Deroost, Zeischka, & Soetens, 2011; Deroost, Coomans, & Soetens, 2009 ). Attentional selection is proposed to incorporate two stages: input attention (perceptionrelated attention) and central attention (resource attention). The former refers to the selection of relevant sensory input at early stages of processing, whereas the latter includes cognitive control processes that come into play at later stages of processing (Johnston, McCann, & Remington, 1995; Lavie, Hirst, de Fockert, & Viding, 2004; Posner & Rothbart, 2007) . Our studies on input attention show that perceptual load has a positive effect on the expression of implicit sequence learning. More sequence learning was observed when learning was tested under conditions of high perceptual load compared with low perceptual load, irrespective of the amount of load during training. This was the case for both response-based learning (Deroost et al., 2009 ) and stimulus-based learning (Coomans et al., 2011) . For stimulus-based learning, perceptual load was even mandatory for the expression of learning. Learning itself, on the other hand, always took place, irrespective of the amount of load placed on input attention. These results are in complete agreement with the current study, in which more sequence learning was expressed under high attentional demands, whereas the acquisition itself was unaffected by attentional demands. It should be noted, however, that not all research is in line with this conclusion. For instance, disruptive effects of a second-ary task on the acquisition of sequence knowledge have been reported (for a review see, e.g., Jiménez & Vazquez, 2005) . Dual task coordination, however, requires adequate mental shifting between the primary and secondary task, with attention being divided over two concurrent tasks. Our current and previous findings suggest that when information has to be selected along different lines of input within a single task, either by input or central attentional processes, the acquisition of sequence knowledge is unaffected by attentional demands. This shows that sequence learning is an automatic process that consumes a minimum amount of cognitive resources. However, it remains to be explained why the expression of sequence knowledge is enhanced by increased demands.
A possible explanation is that implicit sequence learning processes are an effective strategy to compensate for the recruitment of highly effortful processes. Because sequence learning allows predicting upcoming effects on the basis of previous effects, the increased predictability of the environment frees cognitive resources. Yet reliance on implicit sequence knowledge is completely redundant when task performance is already governed by fast processes that place low demands on attention. In contrast, when task performance requires highly effortful processing, it is likely more beneficial to switch to other, less attention-demanding strategies, like implicit sequence knowledge to attain maximal levels of performance. This explains why training effects were more pronounced in incongruent than in congruent trials in our sequential Stroop task. However, because of a stronger reliance on implicit learning under high than under are low demands, the effect of omitting the sequence is much more detrimental in the former than in the latter condition. This explains why more sequence knowledge was expressed in incongruent than in congruent trials when the sequence of colors was dropped. In sum, recruiting implicit sequence learning processes in highly demanding tasks is an effective strategy to optimize task performance. In this sense, our results are in agreement with a general notion of learningimproved control after all: Sequence knowledge can be useful to deal with conflict.
Consequently, the current findings suggest that automatic processes like implicit learning can contribute to higher order cognitive functions, such as cognitive control. This supports the notion that top-down control mechanisms that increase the efficiency of stimulus processing can be engaged in the absence of conscious monitoring. It remains to be determined whether our results can be generalized to other types of conflict, like the Simon and Eriksen flanker conflict. More research is also needed to investigate the mechanisms that underlie an improved expression of sequence knowledge under conflict. In their adaptation by binding theory of cognitive control, Notebaert (2008, 2009) proposed that conflict-induced arousal strengthens the connections between active representations through associative learning. In the current study, we did not find direct support for improved learning under conflict, but it still could be that an analogous process determines increased reliance on learning during conflict: Active representations seem to be bound in terms of task-relevance (e.g., van den Bos & Poletiek, 2010), irrespective of conflict, but the dependence on these bound activated representations might actually be promoted by conflict. Future research will need to establish how exactly the cognitive system switches from the more controlled mode of cognitive control to the more automatic or associative mode: which task demands turn on the switch, how much times it takes to make the switch, etc.
In sum, the current study is the first to show that implicit learning processes can contribute to cognitive control functions, more particularly to conflict resolution. Optimization of task performance was accomplished by an increased reliance on implicit sequence knowledge under high conflict. This indicates that implicit learning processes can be flexibly recruited to support cognitive control.
